Hippocampal sharp wave ripples (SWRs) represent irregularly occurring synchronous neuronal population events that are observed during phases of rest and slow wave sleep. SWR activity that follows learning involves sequential replay of training-associated neuronal assemblies and is critical for systems level memory consolidation. SWRs are initiated by CA2 or CA3 pyramidal cells (PCs) and require initial excitation of CA1 PCs as well as participation of parvalbumin (PV) expressing fast spiking (FS) inhibitory interneurons. These interneurons are relatively unique in that they represent the major neuronal cell type known to be surrounded by perineuronal nets (PNNs), lattice like structures composed of a hyaluronin backbone that surround the cell soma and proximal dendrites. Though the function of the PNN is not completely understood, previous studies suggest it may serve to localize glutamatergic input to synaptic contacts and thus influence the activity of ensheathed cells. Noting that FS PV interneurons impact the activity of PCs thought to initiate SWRs, and that their activity is critical to ripple expression, we examine the effects of PNN integrity on SWR activity in the hippocampus. Extracellular recordings from the stratum radiatum of horizontal murine hippocampal hemisections demonstrate SWRs that occur spontaneously in CA1.
Intriguingly, replay of previously activated neuronal assemblies occurs in a bidirectional manner (Diba and Buzsaki, 2007; Foster and Wilson, 2006) , and forward replay may facilitate the ability to plan for future events (Dragoi and Tonegawa, 2011; Sadowski, Jones, & Mellor, 2011) .
Pyramidal cells (PCs) of CA3 have been implicated in the initiation of hippocampal SWRs both in vivo and in vitro (Buzsaki, 2015) . The sharp wave is an excitatory event typically initiated in CA3 that represents depolarization of CA1 PC dendrites, while the ripple is generated locally in CA1 by ripple-frequency activity of fast spiking (FS) interneurons (Schlingloff, Kali, Freund, Hajos, & Gulyas, 2014; Whittington, Traub, & Jefferys, 1995) .
Parvalbumin (PV) expressing basket cells participate in ripple frequency oscillations and importantly, they can influence the excitability of the principal cells that initiate SWRs. In one study that examined PC excitability in mice engineered so that AMPA mediated excitation of PV interneurons was selectively suppressed, it was observed that PCs were more likely to fire (Racz, Ponomarenko, Fuchs, & Monyer, 2009 ).
Moreover, PV expressing interneurons represent the class of hippocampal interneurons that have been well implicated in ripple expression (Schlingloff et al., 2014) . This was demonstrated by experiments with perisomatic injection of x-agatoxin, which targets voltage dependent calcium channels on PV but not cholecystokinin expressing basket cell axon terminals. Ripples disappeared when x-agatoxin was injected into the stratum pyramidale (Schlingloff et al., 2014) .
PV interneurons represent the major population of neurons that is ensheathed in a perineuronal net (PNN), a specialized extracellular matrix comprised of a hyaluronin backbone that surrounds the soma and proximal dendritic area (reviewed in Kwok, Dick, Wang, & Fawcett, 2011; Pantazopoulos and Berretta, 2016; Sorg et al., 2016) . The presence of the PNN may enhance PV interneuron excitability (Balmer, 2016) as well as the frequency of inhibitory currents in pyramidal neurons (Slaker et al., 2015) . Though the mechanism(s) by which this is achieved are not completely understood, PNNs may serve to prevent diffusion of glutamate released at PV post-synaptic contacts and/or restrict the lateral mobility of GluAs on this population (Balmer, 2016; Bikbaev, Frischknecht, & Heine, 2015; Frischknecht et al., 2009; Slaker et al., 2015) . Consistent with the latter possibility, the diffusion constant of GluA1 drops as the subunit reaches hyaluronin-enriched area.
Hyaluronidase digestion increased both the diffusion coefficient and the total surface area covered by individual subunits (Frischknecht et al., 2009 ).
PNN integrity varies as a function of normal physiology and pathology (Kwok et al., 2011; Pantazopoulos and Berretta, 2016) .
Developmental maturation of the PNN correlates with closure of critical periods of plasticity in which appropriate experience molds neuronal network organization (Pizzorusso et al., 2002) . PNN formation is neuronal activity dependent (Dityatev et al., 2007) , and region specific development is influenced by relevant neuronal activity or lack thereof.
Moreover, PNN deposition and critical period closure in the visual cortex are both reduced by dark rearing (Gianfranceschi et al., 2003; Hockfield, Kalb, Zaremba, & Fryer, 1990; Mower, 1991) . In addition, in the mouse barrel cortex, whisker trimming during the first post-natal month is associated with a reduction in aggrecan rich PNNs (McRae, Rocco, Kelly, Brumberg, & Matthews, 2007) . Of interest, the monoamine reuptake inhibitor fluoxetine has been shown to reduce PNN integrity and to reopen the critical window for visual plasticity (Guirado, Perez-Rando, Sanchez-Matarredona, Castren, & Nacher, 2014; Maya Vetencourt et al., 2008) .
Despite the importance of the PNN to PV activity, and the role of PV interneurons in SWR expression, few if any studies have explicitly examined effects of PNN integrity on SWR events. The present study addresses the impact of hyaluronidase or chondroitinase processing of the PNN on SWR event frequency. We use acute hippocampal slices of thickness sufficient for the expression of spontaneous events (Schlingloff et al., 2014) , and paired hemislices that are concomitantly pre-incubated in control, hyaluronidase, or chondoitinase-containing ACSF.
| M A TE RI A L S A ND M E THOD S

| Slice preparation
A 6-8-week-old male and female C57/Bl6 mice were obtained from Jackson laboratories and used to prepare paired hippocampal hemislices in accordance with National Institutes of Health guidelines and a protocol that had been approved by the Institutional Animal Care and Use Committee at Georgetown University Medical Center.
PVCre-tdTomato mice, used for immunostaining, were generated from crosses between PV-Cre (B6;129P2-Pvalbtm1(cre)Arbr/J; JAX no. 008069) driver and tdTomato (Ai14; JAX no. 07914) reporter animals and bred so as to avoid the confound of ectopic expression (Kobayashi and Hensch, 2013) . Following deep isoflourane anaesthesia, animals were rapidly decapitated. The whole brain was subsequently removed and chilled in cold (0 8C) sucrose-based cutting artificial cerebrospinal fluid containing (in mM) 252 sucrose; 3 KCL; 2 CaCl 2 ; 2 MgSO 4 ; 1.25 NaH 2 PO 4 ; 26 NaHCO 3 ; 10 dextrose and bubbled by 95% O 2 , 5% CO 2 .
Hippocampal slices (490 mm thick unless otherwise indicated) were cut in horizontal sections from dorsal to ventral brain with a vibratome (Leica, VT1000S). Horizontal sections were then bisected to obtain paired hemislices for subsequent incubation of one versus the other paired hemislice with control or enzyme containing ACSF. Right and left sided sections were randomly placed to reduce potential confounds due to hemispheric differences, and dorsal and ventral most slices were excluded due to potential PNN density differences along this axis. ACSF contained (in mM) NaCl, 132; KCl, 3; CaCl 2 , 2; MgSO 4 , 2; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; dextrose 10; and saturated with 95% O 2 , 5% CO 2 at 26 8C. Slices were incubated for at least 120 min before being moved to the recording chamber.
| Chemicals and reagents
Hyaluronidase and chondroitinase ABC were purchased from Sigma Chemical (St Louis, MO; catalog numbers H4272 and C3667). Lyophilized preparations were reconstituted in ACSF just prior to slice incubation. The final concentration of hyaluronidase in the incubating
solution was .25 g/mL and the final concentration of chondroitinaseABC was 0.1 U/mL. Both concentrations were based on previously published in vitro studies (Bikbaev et al., 2015; Filous et al., 2014) .
| PNN staining and microscopy
Following treatment, brain sections from PV-Cre/tdTomato mice were fixed overnight in 4% PFA/sucrose at 4 8C. Sections were then washed briefly and placed in 20% sucrose solution and later sub sectioned on a cryostat in order to obtain 30 mm-thick sections. Sections were then washed twice with 1X-PBS containing .1% Tween-20, blocked with 10% normal goat serum, and incubated with fluorescein-labeled Wisteria floribunda lectin (WFA) (1:1,000, Vector Laboratories, FL-1351) for 2 hr at room temperature. Sections were then washed three times with 1X-PBS, mounted with Hydromount (National Diagnostics, and allowed to dry several days at 4 8C prior to confocal imaging.
Images were acquired using a Leica SP8 laser scanning confocal microscope Leica Application Suite was used for image acquisition. Laser intensity, gain, and pinhole settings were kept constant for all samples. 
| Local field potential recordings
Low resistance glass microelectrodes were used for local field potential 
| Data analysis
SWR frequency was quantified through complementary approaches.
(1) Raw LFP traces were filtered between 0.5 and 30 Hz, and the SWR peaks were counted manually by a hypothesis-blind investigator. (2) SWR events were also characterized via a custom MATLAB algorithm based on previously published techniques (Csicsvari, Hirase, Czurko, Mamiya, & Buzsaki, 1999; Eschenko et al., 2008; Siapas and Wilson, 1998) . A Gaussian FIR band-pass filter with corrected phase delay was applied to the LFP in two frequency bands: 2-30 and 80-250 Hz to extract the low-frequency (LF) SW and high-frequency (HF) ripple components, respectively. The 80 Hz lower cutoff for the ripple band was chosen to better match the room temperature recordings (Papatheodoropoulos, Sotiriou, Kotzadimitriou, & Drimala, 2007) . For both the LF and HF filtered signals, the root mean square (RMS) was computed every 5ms in a 10ms moving window. Based on published studies (Çalışkan et al., 2015; Maier, Nimmrich, & Draguhn, 2003) , the threshold for peak detection was 3-4 SDs of the RMS signal as indicated.
Peak duration was defined as the contiguous period around a peak where the RMS signal remained 2 SDs above baseline. In this way, both SW and ripple events could be individually detected. SWR events were defined as a subset of these, requiring both a simultaneous SW and ripple event. The duration of SWR events was defined as the greater of the overlap of simultaneous SW and ripple events. Event power was calculated by integrating either LF, HF, or unfiltered LFP for the SW, ripple and SWR events, respectively.
| Statistical analysis
Data were entered into a Graph Pad Prism program and statistical analysis performed using Student's t test for 2 group comparisons or ANOVA for comparisons of more than two groups. Significance was set at p < .05.
| R ESU L TS
3.1 | Spontaneous SWR activity in 490 lm hippocampal slices Spontaneous SWR activity has previously been reported in ex vivo hippocampal slices of thickness thought sufficient for adequate network complexity in work by Schlingloff and colleagues (Schlingloff et al., 2014) . As shown in Figure 1 , we also observe spontaneous SWR activity in 490 lm sections. Raw SWR signals from two electrodes that were placed within the proximal section of the CA1 stratum radiatum are shown. As can be appreciated from this 15 second epoch shown, events with varied inter-event intervals (IEIs) and morphology are apparent at both recording sites. Twenty-six events are displayed with nine expanded to show the associated ripple component.
| PNN staining in hippocampal slices
The ability of hyaluronidase to disrupt PNN integrity has been demonstrated in varied settings. Due to the potential for reduced enzyme activity in the presence of carbogenated ACSF; however, we examined PNN integrity in slices that were incubated for 2 hr in control or hyaluronidase containing carbogenated ACSF. The experimental set up (Figure 2a ) involved two separate chambers containing multiple wells so that matched horizontal hemisection pairs could recover in one of the two solutions. This set up would be maintained for future studies of SWR activity following the recovery period. In these experiments, slices were incubated for 2 hr with (0.25 g/mL) hyaluronidase, a concentration that is consistent with that recently used in the treatment of hippocampal cultures (Bikbaev et al., 2015) , then formalin fixed, cryostat sectioned, and stained to detect PNN ensheathed PV neurons. Figure 2b 
Shown in
| Hypothetical schematic
In Figure 5 we show a schematic representing a potential mechanism by which removal of PNNs may increase SWR event frequency. In this model, an intact PNN can spatially restrict glutamatergic input to the PV neuron. This allows the PV neuron to inhibit activity of principal PC. When PNN integrity is disrupted, however, the diffusion of glutamate and lateral mobility of post-synaptic receptors is likely increased; leading to reduced decreased excitatory input to PV neurons. This in turn leads to reduced inhibition, and thus increased excitability, of PCs.
| D I SCUSSION
In this study, we observe that the frequency of SWR events is increased in hippocampal slices that are pretreated with proteases known to disrupt integrity of the PNN (Bikbaev et al., 2015) . This suggests that PNN disruption is sufficient not only to reduce glutamatergic (Slaker et al., 2015) . A recent study also suggests loss of the PNN can decrease inhibition in the visual cortex (Lensjo, Lepperod, Dick, Hafting, & Fyhn, 2017b) , an area with an abundance of PNN enwrapped PV expressing neurons (Lensjo, Christensen, Tennoe, Fyhn, & Hafting, 2017a) . Of particular interest, this was associated with an increase in gamma frequency activity | 47 (Lensjo et al., 2017b) . Additionally, in a study of post-traumatic injury in rats, a loss of the PNN was associated with reduced inhibitory tone, leading the authors to suggest that PNN disruption might contribute to post traumatic epilepsy (Hsieh et al., 2016) . In related modeling work, it was demonstrated that reduced AMPA input to interneurons can lead to induction of SW bursts followed by high frequency gamma tails (Traub, Whittington, Colling, Buzsaki, & Jefferys, 1996) . Disinhibition induced hyperexcitability has also been described in cultured hippocampal neurons following treatment with hyaluronidase (Bikbaev et al., 2015; Vedunova et al., 2013) .
In terms of why disrupted PNN integrity would substantially reduce the ability of PV interneurons to inhibit PC excitability, hypothetical mechanisms include the possibility that the PNN serves to properly localize glutamatergic input to this cell type (Bikbaev et al., 2015; Frischknecht et al., 2009) . Glutamate receptors on PV interneurons are localized to soma and proximal dendrites, both of which are typically ensheathed by PNN (Favuzzi et al., 2017) . Of interest, the subpopulation of PV cells that is rich in PNN, as determined by staining with the CSPG brevican, receives relatively robust glutamatergic input (Favuzzi et al., 2017) . With PNN disruption released glutamate may more easily diffuse. In the absence of a robust PNN, receptor subunits might also be more motile and less precisely localized (Frischknecht et al., 2009) . The negatively charged PNN may also buffer ions such as potassium (Bruckner et al., 1993; Hartig et al., 1999) , and it has been proposed that removal of negative charge at the cell membrane could potentially affect the local electric field sensed by gating subunits of ion channels (Balmer, 2016) .
Given that PV FSI activity is critical to ripple expression, it is of interest that despite the potential of PNN degradation to reduce PV FSI activity (Slaker et al., 2015) , SWRs are well expressed in hyaluronidase and chondroitinase pre-treated slices. One possibility is that while PV cells are less excitable between SW events, allowing SW events to occur more frequently, the PV population remains sufficiently excitable to express ripple activity when a SW initiating event occurs. Consistent with this, a prior study focused on PNN surrounded FS neurons in the medial nucleus of the trapezoid body demonstrated that while PNN digestion reduced the gain of spike output in response to current steps in the background of Gaussian white noise currents, the ability of the neurons to fire up to 1000 Hz in response to current pulses was not affected (Balmer, 2016) . In addition, work by Caputi, Fuchs, Allen, Le Magueresse, and Monyer (2012) showed that reduced expression of GluA4 on FSIs was associated with increased firing of PCs but no alteration in the firing of FSIs during SWRs. In contrast to SWR event frequency, we did not observe a change in ripple duration. A different combination of factors may influence SWR density as compared with ripple duration (Malerba, Krishnan, Fellous, & Bazhenov, 2016) . Though both may be affected by select perturbations, others including age and select neurochemicals can affect SWR density in the absence of an effect on SWR or ripple duration (Decker et al., 2009; Wiegand et al., 2016) .
Because PV interneurons represent the main cell type known to be ensheathed by a PNN, and because this cell type may be critical to SWR initiation and expression, our hypothetical mechanism ( Figure 5) is focused on changes in PV excitability. We acknowledge, however, that future studies will be necessary to examine the effect of PNN degradation on both PV cell and PC activity during SWs and SWRs. It will also be of interest to determine where SWR events are initiated in control and hyaluronidase conditions. These experiments will be important in that within CA2 hippocampus, a subpopulation of PCs is ensheathed by a PNN, and degradation of CA2 PNNs has been linked to recovery of the potential for long-term potentiation in this normally resistant region (Carstens, Phillips, Pozzo-Miller, Weinberg, & Dudek, 2016) . As is the case for CA3, PC activation within CA2 can initiate SWRs (Oliva, Fernandez-Ruiz, Buzsaki, & Berenyi, 2016) and thus PNN degradation in this area might directly increase PC activation. It should be noted, however, that basal synaptic transmission in CA2 PCs was not affected by hyaluronidase treatment of slices (Carstens et al., 2016) .
In terms of the significance of PNN net integrity as an effector of SWR event frequency, expression and/or integrity of PNN components can be influenced by age, enrichment or disease (Berretta, 2012; Matuszko, Curreli, Kaushik, Becker, & Dityatev, 2017; Quattromani et al., 2017; Slaker, Barnes, Sorg, & Grimm, 2016; Wiegand et al., 2016) . Glial cells express critical components of the PNN, and expression of components is regulated by factors including neuronal activity (Howell and Gottschall, 2012; Matthews et al., 2002; McRae et al., 2007; Song and Dityatev, 2017) . In addition, several PNN cleaving enzymes are expressed by neurons and glia (Brzdak, Wlodarczyk, Mozrzymas, & Wojtowicz, 2017; Deb and Gottschall, 1996; Dubey et al., 2017; Janusz et al., 2013; Pollock, Everest, Brown, & Poulter, 2014; Szklarczyk, Lapinska, Rylski, McKay, & Kaczmarek, 2002; Wiera et al., 2017; Yong, Krekoski, Forsyth, Bell, & Edwards, 1998 Figure 6 we show a hypothetical model. A PV neuron with an intact PNN is shown at the top left. This neuron receives spatially localized glutamatergic input, allowing it to in turn inhibit PC excitability. In contrast, a PV neuron with a disrupted PNN is shown at bottom left. In this scenario, glutamate may more easily diffuse from the synaptic cleft and/or glutamate receptors may demonstrate enhanced lateral mobility. A potential result is that this PV is less activated and thus less able to inhibit PC excitability [Color figure can be viewed at wileyonlinelibrary.com] al., 2006; Nagy et al., 2006) , disease states and select therapeutics (Pollock et al., 2014; Szklarczyk et al., 2002) .
Of additional relevance are studies focused on psychiatric diseases including schizophrenia and major depression. These conditions have been associated with altered PNN integrity in combination with altered neuronal population activity (Berretta, Pantazopoulos, Markota, Brown, & Batzianouli, 2015; Khalid et al., 2016; Korotkova, Fuchs, Ponomarenko, von Engelhardt, & Monyer, 2010) . Major depression has been associated with both increased and decreased levels of PNN degrading enzymes, which may reflect the opposing influence of stress or inflammation in the former as opposed to reduced monoaminestimulated protease expression in the latter. The antidepressant fluoxetine, which enhances monoaminergic tone, has been shown to increase MMP-9 levels and to reduce PNN integrity (Guirado et al., 2014) .
Although multiple mechanisms likely contribute to fluoxetine's antidepressant efficacy (Lee et al., 2015; Nestler, McMahon, Sabban, Tallman, & Duman, 1990; Nibuya, Nestler, & Duman, 1996) , given that reduced excitatory/inhibitory balance has been implicated in the condition (Thompson et al., 2015 ), fluoxetine's potential to reduce PNN integrity could contribute.
In summary, we demonstrate that the PNN disrupting enzymes hyaluronidase and chondroitinase can significantly increase the frequency of SWR events in horizontal hippocampal slices. We suggest that further study may be warranted to test the importance of PNNs on in vivo SWR dynamics and memory consolidation, in both normal physiology and disease states. Eschenko, O., Ramadan, W., Molle, M., Born, J., & Sara, S. J. (2008 
